We report the experimental verification of the predicted chaotic mixing characteristics for a polydimethylsioxane microfluidic chip, based on the mechanism of multistage cross-channel flows. While chaotic mixing can be achieved within short passage distances, there is an optimal side channel flow pulsation frequency beyond which the mixing becomes ineffective. Based on the physical understanding of a Poincaré section analysis, we propose the installation of passive flow baffles in the main microfluidic channel to facilitate high-frequency mixing. The combined hybrid approach enables chaotic mixing at enhanced frequency and reduced passage distance in two-dimensional flows. Mixing two or more streams of fluids is an important issue in various microfluidic devices. But the mixing process is not trivial in the microscale, owing to the dominance of the viscous effect and hence laminar flows. Passive mixers are designed to induce three-dimensional helical fluid motions from patterned structural asymmetries [1] [2] [3] [4] that can fold the streams into highly nested thin slices, so as to facilitate local molecular interdiffusion. Active mixers differ from the passive type in that external energy is intentionally put into the system to help achieve chaotic mixing. A cross-stream active mixer [5] [6] [7] represents such a system in which the flow in the main microfluidic channel is perturbed by actively controlled side channel flows. To our knowledge, there has been no report of active chaotic mixer which can be integrated onto a lab chip, owing to the complexity of the control scheme and difficulty in microfabrications.
Mixing two or more streams of fluids is an important issue in various microfluidic devices. But the mixing process is not trivial in the microscale, owing to the dominance of the viscous effect and hence laminar flows. Passive mixers are designed to induce three-dimensional helical fluid motions from patterned structural asymmetries [1] [2] [3] [4] that can fold the streams into highly nested thin slices, so as to facilitate local molecular interdiffusion. Active mixers differ from the passive type in that external energy is intentionally put into the system to help achieve chaotic mixing. A cross-stream active mixer [5] [6] [7] represents such a system in which the flow in the main microfluidic channel is perturbed by actively controlled side channel flows. To our knowledge, there has been no report of active chaotic mixer which can be integrated onto a lab chip, owing to the complexity of the control scheme and difficulty in microfabrications.
Figure 1(a) shows a schematic depiction of the active mixer chip design, consisting of a main flow channel (200 m in width and 40 m in depth) and 6 pairs of orthogonal side channels (4000 m in length at each side of the main channel, the same size cross section as the main channel, each pair separated by 200 m from its neighbors). The mixer was fabricated with polydimethylsioxane (PDMS) using soft lithography techniques [8, 9] , actuated by electrorheological (ER) fluid valves possessing the giant electrorheological effect [10] . Briefly, the operation of the mixer chip relies on the perturbation of the main channel flow in the x direction by cross-stream side channel flows in the y direction. The side channel flows are driven by pressure changes in the ER fluid channel, through thin membranes at the bottom of the control bars located at the end of each side channel. The membranes also serve the function of separating the oil-based ER fluid from the experimental fluids (50% sucrose water and dye solution with measured viscosity of 0:013 kg=m s and the dye diffusion constant D 3:12 10 ÿ11 m=s), avoiding any direct interference between the two. channel design is similar to that in Ref. [4] but with wider side channels and a different actuation strategy. The merits of ER fluid actuation are: (1) the perturbation frequency and amplitude can be digitally adjusted in chip to avoid time delays and complicated peripherals; only one pump (Masterflex© C/L currently used) is needed to circulate the ER fluid through the chip continuously, providing pressure and vacuum sources; (2) the giant ER effect assures that the ER control channel can modulate large shear stress, thereby supplying large perturbations; (3) such modulations can drive the membrane area as fast as 20 Hz or above due to the fast response of the ER fluid (in the milliseconds) and the rapid pressure buildup used in the design. Such a mixer can be readily integrated with a fast response microvalve or valve array or micropumps into a laboratory chip.
Mathematical description of the channel flows for mixing, first introduced by Volpert et al. [11] , is the superposition of parabolic main channel flow _ x U1 ÿ 2y=L 2 , and sinusoidal side channel flows _ y v p 1 ÿ 2x=L 2 sint. In our mixer, the perturbation amplitude and frequency are the same for all side channels. The nondimensionalized model can be written as
where the length unit is the channel width L (200 m in the present case), time unit is L=U, velocity unit is U, and the dimensionless angular frequency is given by ! L=U, and x c 2INTx=2 1, where INT means taking the largest integer value smaller than the quantity inside the brackets. In addition, we also define a U 0 L=s (0:2 mm=s in the present case). Side channel perturbation amplitude A p v p =U and ! are the two control parameters which can be adjusted via ER valves. It is seen that the model described by Eq. (1) involves nonlinear iterative mappings between x-and y-directional flows through time stepping. The trajectory of a fluid particle can thus have widely different behaviors depending on the magnitude of A p and !. We analyze these behaviors by using the Poincaré sections of the nondimensionalized model, which can provide full mixing information of the system characterized with the parameter group [U, v p , ]. Scaling also dictates that the state with [kU, kv p , k] for any positive k on the Poincaré sections behaves the same as those with [U, v p , ]. Similarly, Lyapunov exponent (LE), the index of mixing intensity used in dynamical system theory, can be generalized directly from its definition,
where is the LE of the normalized system (1), d 0 is the separation of the two fluid particles at t 0, dt is the separation at a later time t. Figure 2 depicts, in color, the numerical results of the mean LE distribution on the A p ÿ ! plane for all of the fluid particles flowing into the main channel in one period of time. Here we have fixed U U 0 . The distribution indicates that there are areas of high LE and regions of low LE, with intermediate values in between. LE is small or close to zero in the partially chaotic regime; while in the fully chaotic regime most or all of the fluid particles have positive LEs, indicating ergodic character of the chaotic mixer. From Fig. 2 A series of experiments were carried out along the a-a 0 line in Fig. 2 , to verify the theoretical predictions. The detailed experimental condition can be found in Ref. [9] . 
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044501-2 evaluate the mixing homogeneity along the main channel, we calculated the mixing index, M i , by collecting on video frames the concentration of dyes in a pixel slice of the main channel right after each pairs of side channels, with the
c is the mean concentration of the mixed dye solution, N is the total number of pixels, and the index i indicates the ordering of the side channel pairs, and j is the index for the pixels, j 1; . . . ; N. Because the movement of fluid elements in the channel is time dependent, all the video frames in one period of side channel pulsation were included in the evaluation. The decrease of M i versus the distance from the inlet is given in Fig. 3(d) , where the symbols are experimental data, and the lines are fitted to the exponential decay law. It is seen that the exponential law, expected from numerical simulation of the theoretical model, is well obeyed. The corresponding LEs for each case in Fig. 3(d) were collected [13] and compared with numerical results in Fig. 2 , shown in Fig. 3(e) . We find empirically that the theoretical Lyapunov exponent values correlates well with the same measure of mixing obtained from Fig. 3(d) . It is concluded that chaotic mixing can be fully achieved in this ER-controlled microfluidic mixer chip. For U > U 0 , the control parameters A p and ! would have to be increased proportionally according to the above analysis in order to achieve fully chaotic mixing. Figure 2 clearly indicates the existence of an optimal ! range in the fully chaotic area, on the order of 5 to 8 (the values can vary with A p ), outside of which poor or no mixing can occur. That is, unless very large A p is used, which would be incompatible with chip integration, frequencies higher than the optimal range are ineffective. Both to verify this prediction as well as to understand its underlying cause, we analyze the Poincaré section [3(f)] obtained from time stepping of (1) on the y ÿ plane [ being a transformation of time t by mod!t; 2], for U U 0 , A p 4, and ! 13:5 (seen to be located in the partially chaotic region in Fig. 2) . It is seen that in the middle of the section, corresponding to fluid particles in the middle of the main channel, the Poincaré section has the shape of wavy continuous lines corresponding to Poiseuille flows with no mixing, generally denoted the Kolmogorov-Arnold-Moser (KAM) river. The inset to Fig. 3(f) shows a snapshot of the experiment carried out at the same parameters; the two streams are clearly not mixed, in agreement with the theoretical prediction. However, a closer inspection of Fig. 3(f) indicated the existence of randomly scattered dots, obtained from the projections of chaotic trajectories. These trajectories belong to fluid particles situated close to the channel walls, and their chaotic trajectories arise from repeated encounters with the geometric corners at the intersections of the main and side channels, which act as bifurcation points [6] .
During the high-frequency oscillations in the y direction, the fluid-fluid interface would be stretched, but does not have enough time of travel to touch the corners. Hence if the interface lies in the KAM river as in Fig. 3(f) , it cannot be cut into segments by the corners. The interface will hence experience spatiotemporal resonance in the channel, while retaining the interface integrity. Such phenomenon was indeed observed by Okkels and Tabeling [7] .
The above understanding readily suggests a hybrid approach to more effective high-frequency microfluidic mixing, by adding baffles in the main channel, close to the interface line as shown in Fig. 4 . The baffles would induce the interface line to encounter more bifurcation points during the high-frequency oscillations. In this approach the cross-stream perturbations from the side channels is a necessary element since without them the baffles would act as passive mixers, and it is well known that 2D flows (as in the present case) in passive mixers cannot induce chaotic mixing. This point is clearly demonstrated in Fig. 4(a) , where the main channel flow with no side channel pulsations is shown to cause no mixing. channels (0.6 mm in passage distance) when perturbation amplitude is increased to A p 4 (0:8 mm=s). Without baffles, such parameter will induce spatiotemporal resonances as analyzed above. Therefore KAM rivers were effectively eliminated in the hybrid approach.
For a high flow speed U 4 mm=s, the residual time of liquid blobs in a 2 mm long mixing channel is noted to be 0:5 s, implying a maximum molecular diffusion distance of 6 m if relying on passive mixing only. But with side channel perturbations at A p 0:15 (0:6 mm=s) and ! 2:5 (50 rad=s), only few unmixed liquid blobs can be detected after 6 pairs of side channels [4(d) ]. Most of the original 100 m wide bulk liquid has been stretched and folded to 1 order of magnitude thinner, making molecular diffusion much more effective. This can be seen in the downstream picture 2 mm from the last side channel pair, at which point the molecular diffusion has completed the mixing process. Thus the hybrid approach has done its role in 2 mm even at such high flow rate and frequency.
Not confined in the current ER fluid-driven mixer, such a hybrid approach can be readily used in a wide variety of 2D or 3D active mixers, e.g., piezoelectric, ac electrokinetic, or bubble-driven mixers that can achieve periodical perturbations to the main channel flows.
We 
